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Feed-Forward Control Upgrade of the Deep Space
Network Antennas
W, Gawronski
GroundAntennasand FacilitiesEngineeringSection
In order to improve the accuracy of high-rate tracking of NASA's DSN antennas,
the position-loop controller has been upgraded with a Iced-forward loop. Conditions
t'or perfect and approximate tracking with the feed-forward loop are presented. The
feed-forward loop improves tracking performance and preserves wind disturbance
rejection properties of the previous closed-loop system,
Pointing accuracy of a proportionaland integral(PI)
controlsystem for the DSN antennas [1]issatisfactory
for slow-trackingantennas but significantlydeteriorates
when trackingfast-moving objects. In order to improve
the trackingaccuracy in the lattercase,a pI controlsys-
tem has been augmented with a feed-forwardloop, as
shown with the block diagram in Fig. I.In thisdiagram,
Gp, G¢, G I, and Gw denote transfer-t'unctions of the an-
tenna's rate loop, PI controller, feed-forward gain, and
wind disturbance, respectively; and r is a command, y is
output (elevation and azimuth angles), e is tracking error
in azimuth and elevation, u is plant input, and w is wind
disturbance. The plant transfer function Gp(co) is a 2 X 2
matrix, with elevation and azimuth rates as inputs and
elevation and azimuth angles as outputs.
In order to analyzethe impact of the feed-forwardgain
on the closed-loopsystem performance, the transferfunc-
tionfrom the command r and wind disturbancew to the
trackingerrore was derived.From Fig. 1,one obtains
e -r-y (la)
y = Opu + a_,w (Ib)
u= a/r+a,e (Ic)
Assuming I + GpGc to be nonsingular and denoting that
Go = (I+ GpGc) -I, from Zqs. (la),(Ib),and (Ic),one
obtains
= Go(Z - %a/),. - CoC_,o (2)
From the above equation one obtains perfect tracking (i.e.,
e = 0) in the absence of wind disturbancesfor the feed-
forward gain G/such that
%(_)a/(_) = X (3)
In the case of the DSN antennas, the condition (3) can
be satisfiedin a certainfrequency range only. Simply by
inspectionofthe magnitudes ofthe plant transferfunction
in Fig.2(a-d),one can see thatfor frequencies0 _ w __27r
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rad/sec (0 <: f _< 1 Hz), the plant transferfunction G v
can be approximated with an integrator
Gp _- Gpo - (j_)-112 = for 0 < _ < 27r rad/sec
Thus, the feed-forward differentiator
(4)
G/= jwI2 (5)
4(b). The DSS-13 antenna, with the proportional gain
kp = 0.5, and the integral gain k_ = 1.8 in azimuth and el-
evation, was investigated. The tracking errors in elevation
and cross-elevation are compared for the antenna with the
feed-forward loop (Fig. 5) and without the feed-forward
loop (Fig. 6). A significant improvement in tracking ac-
curacy for the system wit_ the feed-forward loop was ob-
served, namely, from 73.1 to 1.4 mdeg in elevation, and
from 60.1 to 0.2 mdeg in cross-elevatlon. However, the
high-frequency components of the command are strongly
amplified for the system with feed-forward gain when corn-
will satisfy Eq. (3) in the frequency range 0 < w < 2_r pared with the system without feed-forward gain. This
rad/sec. In Fig. 2(a), t_he _diagonaTterms ofth_ diff_ren- effect can be:ob_serve_from the transfer function plots in
tlator transfer function of Eq. (5) are shown with clot-ted-- F_g. 3, where theresonance peaks of the system with feed-
lines. Their inverses (dashed lines) are equal to the plant forward gain are much higher than the ones of the system
transfer functfon,_ Fig. 2 for frequencies uptoA Hz. without feed-forward gain.Also the intensive oscillatory
The off-diagonal terms of Eq. (5) (transfer functions from motion in the pointing error plots (see Fig. 5) is observed.
elevation command to azimuth position, and from azimuth
command to elevation position) should be zero; actually,
they are small for frequencies up to 1 Itz, as in Fig. 2(b)
and Fig. 2(d).
The closed-loop transfer functions for a system with
and without the feed-forward gain are compared in Fig. 3.
Figures 3(a) and 3(c) show that for frequencies up to
1 Hz, the system with the feed-forward gain has supe-
rior tracking properties when compared with the system
without feed-forward gain. This is confirmed by tracking
simulations with a trajectory like that in Figs. 4(a) and
As a result,any sharp change in the command may cause
excessivevibrationsofthe antenna.
Despite the increased sensitivity to the command in-
puts, the disturbance rejection of the antenna with feed-
forward gain remains the same as that for the antenna
without feed-forward gain. This follows from Eq. (2),
where it is shown that the tracking error e due to wind
disturbance w is independent of the feed-forward gain G/.
Thus the pointing errors due to wind gust disturbances
are comparable with the results obtained for the DSS-13
antenna with the PI controller (see [2]).
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Fig.1. Antennacontrolsystemwilhthe feed-forwardloop.
255
I--
:3
15.
_z
z
O
tJJ
-J
IZ,1
O
i.,-
10 -1
ILl
o
o
z 10 -_
I.LI
Z
_o
>_ 10 -3
uJ 10_4
S
o.
_z
z
_o
0
I--
nr
LU
a
8
z
10 3 I ! ' _ ': _I!'; _ '- ' ! ': !!! .... ' '!'!' ' '!' ! _ ....
ii!iji!i .... i. !i : Z _ _i: ! " :: -''"- : :- o
: : ::: - - ._1"'" DIFFERENTIATORq
10 o
: ...,'" i !!:: . 2 ... 5:_ : 2 2 : = 2 : : i
INTEGRATOR i ;
10--5 ' _ _ _ = _ _ , _ t _
100 ' : : _ ::;;.... ' ! ; : : : : i : : _-
(b) i i !:.ii; " - - ' ' ....
I_-] _............._...,......:....,_.:.. .. . ........_ _ :: !:..._ • ....
10 -2
10-3 ! .....!: ::::: : : _ ":' I
. - i _
10 .4 i ...... "'"ii-!-!'-:-" :' !....... !' ! :: -i'- !' !-: .:.....
: : ; , :;:: : - : : t .... i
. . : : : ::.. : [ . : : : . :
i i : i !i:! . : : : ..... : .-: : : : '
10_.6 : _ : : ;;;; : : i ._ - • : . : : :::.
i 2 ! ! i2!i . _ : : : : :.- ' . . . :
io- i i iiii!i i i i i : i : ";i:::::
10"_ 10-1 10 0 101 10 2.
FREQUENCY, Hz
Fig. 2. Tr,,niferfunctlone of antenna rate loop model and of dlfferentlator and Integrator:
(a) elevation i_nc6der Io elevatlort]npui;(-b) az[mut-hencoder i0 elevation inputi (¢) azimuth
encoder to azimuth input; and (d) elevaiion encoder to azimuth Input.
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Fig, 2 (¢ontd).
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Fig. 3 (contd).
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Fig. 4. Trajectory used for simulations: (s) In elevation and (b) azimuth.
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Fig. 5. Pointing errors for the control system with the feed-forward loop: (a) elevation error
end (b) cross-elevstlon error.
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Fig. 6. Pointing errors for the control system W!tho_utthe feed-forward loop: (s) elevetlon
error end (b) croes-elev,,tlon error.
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